Exposure to indoor air pollution from solid fuel use (IAP) has been linked to approximately 1.5 million annual deaths (World Health Organization (http://www.who.int/indoorair/publications/fuelforlife/en/index.html)) due to acute lower respiratory infections in children <5 years of age and chronic obstructive lung disease and lung cancer in adults. Emerging evidence suggests that IAP increases the risk of other conditions, including adverse pregnancy outcomes. To establish the relation of IAP with birth weight and stillbirth, systematic reviews with meta-analyses were conducted. Studies reporting outcomes of mean birth weight, percentage of low birth weight (LBW; <2,500 g), and/or stillbirth and assessing IAP were identified. Five LBW studies (of 982) and 3 stillbirth studies (of 171) met inclusion criteria for the reviews. Fixed-effect meta-analyses (I 2 ¼ 0%) found that IAP was associated with increased risk of percentage LBW (odds ratio ¼ 1.38, 95% confidence interval: 1.25, 1.52) and stillbirth (odds ratio ¼ 1.51, 95% confidence interval: 1.23, 1.85) and reduced mean birth weight (À95.6 g, 95% confidence interval: À68.5, À124.7). Evidence from secondhand smoke, ambient air pollution, and animal studies-and suggested plausible mechanisms-substantiate these associations. Because a majority of pregnant women in developing countries, where rates of LBW and stillbirth are high, are heavily exposed to IAP, increased relative risk translates into substantial population attributable risks of 21% (LBW) and 26% (stillbirth). air pollution, indoor; fetal growth retardation; infant, low birth weight; meta-analysis; stillbirth Abbreviations: CI, confidence interval; IAP, indoor air pollution from solid fuel use; LBW, low birth weight; OR, odds ratio; PM 10 , particulate matter 10 lm in diameter.
Approximately 3 billion people worldwide use solid fuels (including biomass and coal) for their household energy needs (1) . The World Health Organization has estimated that indoor air pollution from solid fuel use (IAP) accounted for 2.7% of the global burden of disease in 2000 (2) , with 1.5 million excess deaths in 2002 (3) . Such estimates are based on the relation between IAP and acute lower respiratory infections (children <5 years of age) and chronic obstructive lung disease (adults) and lung cancer (adults, coal only). However, emerging is evidence that IAP also increases the risk of other health conditions, including adverse pregnancy outcomes (4) . Pregnancy outcomes including fetal mortality, low birth weight (LBW), preterm birth, small for gestational age, intrauterine growth retardation, and birth defects have been linked to exposure to secondhand smoke (5) and ambient air pollution (6, 7) in recent systematic reviews. Adverse pregnancy outcomes were not included in the 2000 burden of disease estimates for IAP because of the paucity of epidemiologic evidence (2) (3) (4) .
It is therefore timely and important to review the available evidence. The goals were to 1) synthesize the extent and quality of evidence regarding the relation between IAP and adverse pregnancy outcomes, 2) quantify these associations by meta-analyses, and 3) identify future research needs.
METHODS
Two systematic reviews were carried out to summarize the relation between IAP and 1) LBW and 2) stillbirths. Other adverse pregnancy outcomes (intrauterine growth retardation, small for gestational age, preterm births) were not used as primary outcomes because of the lack of available evidence, although, for studies that provided this information, estimates have been presented separately for term and preterm LBW. Inclusion criteria were studies of humans that reported 1) percentage of LBW or mean birth weight and/or stillbirth or perinatal/early neonatal deaths and 2) assessment of IAP exposure. All epidemiologic study designs were eligible. Table 1 shows the electronic databases searched. Search terms that were used are detailed in Table 2 . Information was also obtained from 1) a World Health Organization report including unpublished data describing the relation between IAP and LBW and stillbirth based on an expert symposium (8) and 2) contact with investigators in the field of IAP and child health.
The process of selecting studies for data extraction is shown in Figure 1 . Two reviewers (D. P. and N. B.) independently conducted literature searches and rejected studies not meeting inclusion criteria after reviewing titles, abstracts, and, finally, the full text.
Methodological quality was assessed by using designspecific forms developed from the Newcastle-Ottawa scale (9) to meet the needs of this evidence base, awarding a star rating for each study (this approach has been successfully used in other systematic reviews of IAP (10)). Quality criteria focused on any major bias/error and adequacy of adjustment for confounding (Table 3) .
Data extraction and quality assessment were carried out independently by two reviewers (D. P. and N. B.). Disagreement was resolved through discussion.
Three meta-analyses provided pooled estimates of the effect of IAP on 1) LBW (<2,500 g), 2) mean birth weight in the high and low exposure groups, and 3) stillbirth (!24 weeks of gestation). An additional meta-analysis was conducted by separating term from preterm births (where estimates were available). Study heterogeneity was assessed by using Cochrane's Q and I 2 statistics (moderate heterogeneity indicated by a value of >50%). Fixed-effect meta-analyses were used in the absence of statistical heterogeneity. To assess the effect of study quality on pooled effect estimates, sensitivity analyses were conducted by excluding studies with a star rating of less than 60% for respective study designs (a value representing a ''good'' score on more than half of the methodological quality items). To test for publication bias, funnel plots were visually inspected, and statistical tests for asymmetry (Egger's and Begg's tests using a conservative P value of <0.1) were used. Figure 1 shows the number of articles/studies at each stage of the search and selection process. The literature searches identified 982 papers for birth weight and 171 papers for stillbirth. Of these, 978 and 169, respectively, were excluded because they were not relevant after screening titles (953 and 159), abstracts (22 and 9) , and the full paper (3 and 1); reasons for exclusion were that they were studies of animals, ambient air pollution, and outcomes other than those concerning pregnancy. Four papers were Outcome Outcome appropriate for birth weight and 2 for stillbirth/perinatal mortality. In addition, 3 unpublished studies were included: 1 on birth weight (11), 1 on stillbirth (12), and 1 on both (13) . Thus, 10 studies (6 for birth weight and 4 for stillbirth) were selected for data extraction and quality appraisal.
RESULTS

IAP and birth weight
Studies included 2 cross-sectional surveys, 2 cohort studies, 1 case-control study, and 1 randomized controlled trial. Refer to Table 4 .
The studies were conducted in 4 countries (Guatemala, India, Zimbabwe, and Pakistan) where a significant proportion of the populations use solid fuel in open fires. The cross-sectional studies (14, 15) and cohort studies (13, 16) considered self-reported use of wood, coal, dung, or straw for IAP exposure compared with cleaner fuels (electricity or gas, although one of the cohort studies used gas and kerosene for comparison (13) ). The case-control study (17) assessed self-reported cooking smoke during pregnancy. Only the Guatemalan randomized controlled trial (11), allocating women to either a plancha (wood stove with a chimney) or a traditional open fire, conducted personal IAP measurements. In this trial, 48-hour carbon monoxide exposures, used as a proxy for particulate matter (18) , were significantly lower (41%) in pregnant women with a plancha compared with those using open fires.
Birth weights were measured by trained research staff using scales for most studies, the cross-sectional study in Zimbabwe recorded weight from mother's recall for 1,220 (46.7%) births, and the remainder of the information was obtained directly from available health card records (15) . Although all observational studies collected information on important confounders, only the cohort studies (13, 16) presented an adjusted multivariable analysis for LBW; the case-control study (17) and cross-sectional surveys (14, 15) reported only univariate data. The intervention study (11) used a randomized design, but results were adjusted for maternal age, primiparity, more than 5 births, socioeconomic status, and passive smoking because of an imbalance in randomization that arose for women who used the intervention stove early in the study. Five studies provided adjusted estimates for IAP and mean birth weight (11, (13) (14) (15) (16) .
Risk of LBW. Figure 2 shows the forest plot for risk of LBW. Two estimates were provided by the Indian casecontrol (17) and cohort (13) studies, one for ''term'' and one for ''preterm'' LBW (based on small for gestational age estimated from women's last menstrual period). The other studies did not distinguish between term and preterm births.
All studies identified an increased risk of LBW with higher exposure to IAP. The strongest effect, comparing biomass with natural gas, was observed for the cohort study in Pakistan (16) Figure 1 . Flowchart of the process of selecting studies for data extraction. A) Indoor air pollution and birth weight; B) indoor air pollution and stillbirth. Figure 3 . Only 3 studies (13, 14, 16) adjusted for gestational age.
A sensitivity analysis was carried out by excluding mother's recalled birth weight from the Zimbabwe study (15) because of a propensity for overestimation (19) . The weighted mean difference was attenuated slightly to 93.1 g (95% CI: 64.6, 121.6). Exclusion of this study from the meta-analysis because of weaker methodological quality had little additional effect on the pooled estimate (weighted mean difference ¼ 92.4 g, 95% CI: 63.6, 121.2).
There was no visual evidence of publication bias from the funnel plot and from statistical tests for funnel plot asymmetry (Begg's test (P ¼ 0.308) and Egger's test (P ¼ 0.479)).
IAP and stillbirth
Four studies investigated stillbirth: 2 cohort studies in southern Pakistan (12) and India (13), 1 case-control study in India (20) , and 1 cross-sectional study in India (21) . Refer to Table 5 .
Studies classified IAP as self-reported exposure to smoke from cooking (20) or from solid fuel use compared with cleaner fuels (electricity or gas or gas/kerosene) (12, 13, 21) . Two studies defined stillbirth as ''delivery after 28 weeks in which the fetus was born dead'' (13, 21), whereas, for other studies, the definition was less clear: ''reproductive loss through stillbirth'' (12) and ''stillbirths occurring in hospital'' (20) . Three studies adjusted for important confounding factors and presented adjusted effect estimates (13, 20, 21) . The cohort study was adjusted for area of residence (rural vs. urban) only (12) .
All studies reported an increased risk of stillbirth in the higher exposure group, with 3 estimates being statistically significant. There was no evidence of statistical heterogeneity between studies ( Because of the small number of studies, the funnel plot was difficult to interpret. However, there was no evidence of funnel plot asymmetry when Egger's (P ¼ 0.644) and Begg's (P ¼ 0.989) tests were used.
DISCUSSION
To our knowledge, this study is the first to carry out systematic reviews and meta-analyses on risk of LBW and stillbirth associated with IAP in developing countries. The strength of the reviews is inevitably limited by the small number of studies and heterogeneity of designs across a range of settings. Despite this limitation, results for individual studies were remarkably consistent, with no evidence of statistical heterogeneity. One explanation could be the presence of substantial residual confounding in the observational studies. However, given the variability regarding degree of adjustment across studies, it is more likely that the findings indicate a real effect.
Another difficulty in interpreting the results relates to variability in exposure assessment and lack of direct exposure measurement. Only 1 study (11) directly measured exposure by using home and personal carbon monoxide monitors, and a cohort study (16) measured particulate and carbon monoxide exposure in a small subsample. However, neither study analyzed these exposure data directly in relation to adverse pregnancy events. When exposure was measured in a consistent way (e.g., solid fuel compared with gas/electricity) (13) (14) (15) (16) , it is likely that absolute levels differed between settings, as did the relative differences between higher and lower exposure comparison groups. Such variable exposure classification is likely to lead to underestimation of the relation between IAP and adverse pregnancy outcomes. Accurate quantification requires an exposureresponse analysis using objectively measured exposure data during all trimesters to identify periods of maximum risk.
A further problem for community studies is the difficulty in obtaining timely (within 24-48 hours) measurements of birth weight when most deliveries occur at home. Unfortunately, among poor populations, where solid fuels constitute the primary cooking fuel, systematic measurement of birth weight is rare. This issue was identified as a particular problem for the Indian cohort study (13) , which had a median delay of 28.3 hours before measurement of birth weight, with 18% of babies not being weighed within 72 hours. In addition, assessment of gestational age by specially trained field staff is important for distinguishing small-for-gestational-age babies from preterm babies of normal weight for gestational age. For community studies, the logistics involved in ensuring that trained staff either attend the birth or are informed about new deliveries and can reach the home within 24-48 hours can be very demanding. As a result, the few studies that have been carried out often provide suboptimal data on birth weight. Finally, clearly in these settings, birth weight will be measured for livebirths only. Consequently, babies who die within a short time after birth and who are of LBW will not be recorded, which could lead to underestimation of the true burden of exposure to IAP on reduced birth weight.
Relation between IAP and birth weight
We identified a significantly increased risk of LBW of 38% (OR ¼ 1.38, 95% CI: 1.25, 1.52) from exposure to IAP and an associated reduction in birth weight of 96.6 g (95% CI: 68.5, 124.7). It is possible that this association was underestimated given poor exposure classification. Alternatively, there could also be a degree of residual confounding given the observational epidemiology and the strong linkage between LBW, IAP exposure, and poverty. Levels of respirable particulate matter (particulate matter 10 lm in diameter (PM 10 )) from IAP deriving from solid fuel use in developing countries are quantitatively similar to those of secondhand smoke and greater than those of ambient air pollution. Compiled data from studies of homes using solid fuel in developing countries found 24-hour PM 10 concentrations ranging from 300 lg/m 3 to 3,000 lg/m 3 (22), similar to time-weighted room mean PM 10 concentrations of 3,000 lg/m 3 to 4,000 lg/m 3 found after 8 hours of secondhand smoke exposure (23) .
Our pooled effect estimate resembles that from a recent meta-analysis of 9 prospective cohort studies of LBW and secondhand smoke (5), which reported a 32% increase in risk of LBW (OR ¼ 1.32, 95% CI: 1.07, 1.63) from secondhand smoke exposure. Seventeen prospective cohort studies found secondhand smoke exposure to be significantly associated with a reduction of 33.0 g (95% CI: 15.7, 51.3) in birth weight-a reduction smaller than that observed in our study. In addition, one of the studies included in our review also looked at the relation of secondhand smoke with LBW (13) and found a weaker association than with IAP from solid fuel use: risk of exposure to more than 10 cigarettes a day compared with no secondhand smoke was associated with a 22% increase in risk of LBW (adjusted relative risk ¼ 1.22, 95% CI: 1.13, 1.32).
A number of studies reported a statistically significant association of sulfur dioxide and total suspended particles in ambient air pollution with birth weight, summarized in a recent systematic review (6) . Refer to Table 6 .
The Beijing study also identified significant reductions of 7.3 g and 6.9 g in birth weight associated with maternal exposure to unit increases of 100 lg/m 3 of sulfur dioxide and total suspended particles, respectively (24) . In addition, maternal exposure to ambient carbon monoxide was found to be associated with LBW in studies conducted in Southern California (carbon monoxide >5.5 ppm in the third trimester; relative risk ¼ 1.22, 95% CI: 1.03, 1.44) (25) Figure 2 . Effect of exposure to indoor air pollution from solid fuel use compared with cleaner fuels, or for users of improved chimney stoves, on risk of low birth weight. Sizes of the boxes in the forest plot are proportional to the sample sizes of the included studies. (a) Term births (low birth weight <2,500 g); (b) preterm births (small for gestational age). CI, confidence interval; df, degrees of freedom; IV, inverse variance; SE, standard error. Higher Exposure Mean Difference Figure 3 . Effect of exposure to indoor air pollution from solid fuel use compared with cleaner fuels, or for users of improved chimney stoves, on mean birth weight. For adjusted mean difference in birth weight (grams), actual birth weights and associated standard deviations are estimated. Sizes of the boxes in the forest plot are proportional to the sample sizes of the included studies. CI, confidence interval; df, degrees of freedom; IV, inverse variance; SD, standard deviation. (27, 28) .
Study or Subgroup
Relation between IAP and stillbirth
We observed a 51% increase in risk of stillbirth associated with IAP (OR ¼ 1.51, 95% CI: 1.23, 1.85). In addition to exposure misclassification and residual confounding, a particular concern for population-based studies of stillbirth is underreporting of events (29) . This is more likely to occur in poorer rural biomass-using communities and is expected to dilute effect estimates. The hospital-based case-control study (20) and the cohort studies with trained community health workers (12, 13) are unlikely to have been biased in this way, but the interview-based crosssectional study (21) may well have been. This study was the largest in the meta-analysis and also reported one of the smallest effect sizes (OR ¼ 1.44, 95% CI: 1.04, 1.97). The pooled estimate we report might therefore be underestimated.
There is little published evidence regarding the relation between secondhand smoke and stillbirth; most studies focus on active smoking by pregnant women. However, our estimate of risk is similar to that observed in a Swedish prospective cohort study of 678 working, pregnant women nonsmokers (30) that reported a 53% increase in risk of stillbirth (relative risk ¼ 1.53, 95% CI: 0.98, 2.38) associated with secondhand smoke, adjusted for all major confounders. In addition, one of the studies included in our review also looked at the relation of secondhand smoke with stillbirth (13) and found a relation similar to that for IAP: risk of exposure to more than 10 cigarettes a day compared with no secondhand smoke was associated with a 52% increase in risk of LBW (adjusted relative risk ¼ 1.52, 95% CI: 1.13, 2.04).
A systematic review of ambient air pollution and fetal health (6) identified only 3 studies of ambient air pollution and stillbirth. A Brazilian time-series study, investigating the association between daily counts of intrauterine mortality and measurements of several pollutants, found an association with combined exposure to nitrogen dioxide, sulfur dioxide, and carbon monoxide (P < 0.01) (31) . A Czech ecologic study found no relation between stillbirth and ambient air pollution including sulfur dioxide, nitrogen dioxide, and maternal exposure to total suspended particles (10-lg/m 3 increase in total suspended particles (OR ¼ 0.99, 95% CI: 0.95, 1.04)) (32) . Another ecologic study conducted in Japan found no evidence of a correlation between annual mean dust particle levels and rate of spontaneous fetal death (correlation coefficient ¼ À0.351, P > 0.1) (33) .
Although there is a lack of evidence investigating how environmental pollution is associated with stillbirth, it appears that exposure to secondhand smoke and IAP increases the risk. However, the relation with ambient air pollution is less clear. Decreased Risk Increased Risk Figure 4 . Effect of stillbirth on exposure to indoor air pollution from solid fuel use compared with cleaner fuels. Sizes of the boxes in the forest plot are proportional to the sample sizes of the included studies. CI, confidence interval; df, degrees of freedom; IV, inverse variance; SE, standard error. Smoke from solid fuel combustion produces pollutants, including particulate matter, carbon monoxide, and hundreds of other organic compounds, detrimental to health (34, 35) . These pollutants may be absorbed into maternal blood, cross the placental barrier, and have direct toxic effects on the fetus. The exact biologic mechanisms through which IAP influences birth weight and stillbirth remain to be confirmed, but much can be learned from the evidence on ambient air pollution and smoking.
The mechanism through which carbon monoxide might affect the fetus is best understood (6) . Exposure to high levels of carbon monoxide, which binds to hemoglobin to form carboxyhemoglobin, reduces the capacity of the blood to carry oxygen to body tissues. Carbon monoxide crosses the placental barrier, and hemoglobin in fetal blood has 10 times more affinity for binding carbon monoxide than for adults (25) . Furthermore, fetal elimination of carbon monoxide is slower than in the mother (36) . Thus, a developing fetus can be deprived of adequate oxygen, leading to intrauterine growth retardation and risk of LBW and stillbirth (21) . Carbon monoxide exposure has been directly related to fetal development and adverse pregnancy outcomes including LBW (37, 38) . Animal studies have demonstrated the association between retarded fetal growth by direct toxic effects of carbon monoxide and other substances generated by burning cigarettes (39) . Inhaled carbon monoxide of 90 ppm in pregnant rabbits (resulting in a carboxyhemoglobin level of 8%-9%) reduced mean birth weight by 11% (40) . However, similar levels of inhaled carbon monoxide in pregnant rats was not associated with a reduction in birth weight (38) . Biomass combustion has been shown to be qualitatively similar to tobacco burning, with carboxyhemoglobin levels of 2.5%-13% (41), covering the range for passive to heavy active smoking (23) .
The role of maternal particulate matter exposure in relation to pregnancy outcomes is less clear. Such exposure can result in decreased efficiency of transplacental function, with consequent deterioration of fetal growth and development (6), although it is not known which toxic components of particulate matter are involved. Transplacental transfer of polyaromatic hydrocarbons and other constituents of secondhand smoke from mother to fetus has been reported (42) . In addition, increased polyaromatic hydrocarbons-DNA adduct levels from exposure to polyaromatic hydrocarbons in ambient air pollution, which increase the potential for genetic fetal damage, have been reported in maternal and newborn white blood cells (43) . Another postulated mechanism is through effects on maternal respiratory or general health, which can impair uteroplacental and umbilical blood flow, transplacental glucose, and total insulin, the major determinants of fetal growth (44) .
CONCLUSIONS
Given that pregnant women in countries with high rates of solid fuel use and of LBW and stillbirth are rarely able to avoid activities that expose them and their unborn children to IAP, even a modest increase in relative risk of these conditions could translate into a substantial population attributable risk. We calculated population attributable risks for LBW and stillbirth associated with IAP by using a 70% prevalence of solid fuel use (16) . Taking the pooled odds ratios of 1.38 and 1.51 from the meta-analyses of LBW and stillbirth, the respective population attributable risks were 21.0% and 26.3%.
Although there is good reason to minimize exposure of pregnant mothers to IAP, there is a need for further research to strengthen and refine the evidence reported here. Intervention trials are valuable, but well-planned observational studies with careful exposure assessment, including direct measurement in at least a subsample, are also important. Assessment across all trimesters will help identify the most vulnerable periods; however, first-trimester recruitment remains a challenge for women in developing countries who may not seek early prenatal care or volunteer that they are pregnant if asked. For studies of birth weight, it is important to obtain valid measures of weight and gestational age as soon as possible after birth. For studies of stillbirth, it is important to ensure that outcomes are accurately reported and are not confused with early neonatal deaths.
Despite limitations in the extent and quality of available evidence, the consistency of findings across settings and findings regarding exposure to secondhand smoke and ambient air pollution (to date, LBW only) and biologic plausibility point toward a causal relation. The results of these reviews present a strong case for moving swiftly to conduct highquality studies in a variety of developing-country settings.
